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Open access under ta b s t r a c t
Increased levels of hydrogen peroxide (H2O2) can initiate protective responses to limit or repair
oxidative damage. However, H2O2 signals also ﬁne-tune responses to growth factors and cytokines
controlling cell division, differentiation, and proliferation. Because 17b-estradiol (E2) also plays
important roles in these processes, and is considered a major risk factor in the development and
progression of endometriosis, this study evaluated whether E2 has an antiapoptotic effect on oxidative
stress in endometrial cells in combination with steady-state H2O2 levels ([H2O2]ss). Endometrial
stromal cells were prepared from the eutopic endometrium of 18 women with and without
endometriosis to produce primary cells. These cells were stimulated with E2 for 20 h, exposed to
[H2O2]ss, and examined for cell viability, proliferation, and apoptosis. The endometrial cells from
women with endometriosis maintained the steady state for 120 min at high H2O2 concentrations.
When they were pretreated with E2 and exposed to [H2O2]ss, a decrease in apoptosis level was
observed compared to the control cells (po0.01). The endometrial cells from patients with endome-
triosis subjected to both E2 and [H2O2]ss showed increased ERK phosphorylation. These ﬁndings
suggested that H2O2 is a signaling molecule that downregulates apoptosis in endometrial cells,
supporting the fact that endometriosis, albeit a benign disease, shares some features with cancer such
as decreased catalase levels. These results link the E2 effects on [H2O2]ss to resistance to apoptosis and
progression of endometriosis.
& 2013 Elsevier Inc. Open access under the Elsevier OA license. Introduction
Endometriosis is an estrogen-dependent disease causing pelvic
pain and infertility in 10% of reproductive-age women [1]. Despite
the poor understanding of the underlying pathogenic mechan-
isms involved in this disease, it is well established that4
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.
he Elsevier OA license. endometriosis occurs and regresses in an estrogen-dependent
fashion. Locally produced cytokines and reactive oxygen species
(ROS), which act as secondary messengers, are implicated in the
development and progression of endometriosis. The possibility
that hydrogen peroxide (H2O2; one of the most common ROS in
cells) has a modulatory effect in endometrial cells [2] was
investigated in this study. H2O2 has been linked to the redox
regulation of
cell proliferation [3,4], apoptosis [5–7], and inﬂammatory pro-
cesses [8]. It is continuously produced in vivo [6,9] and remains in
a semi-steady state, i.e., its concentration changes at a slower
pace than its turnover. Hence, exposing cells to steady-state H2O2
concentrations ([H2O2]ss), as opposed to bolus additions, consti-
tutes a superior method of oxidant delivery that mimics the
physiological setting. In the cellular environment, H2O2 plays a
pivotal role in the inﬂammatory process by acting as a signaling
molecule. Some investigators suggest that H2O2 plays a dual role
in the regulation of inﬂammatory processes, acting as both
Table 1
Patient characteristics.
Patients with endometriosis
(n¼11)
Controls
(n¼7)
Age (mean7SEM) 3471.1 3671.4
American Fertility Society (AFS)
stage
Cycle number
Proliferative phase 6 4
Secretory phase 5 3
I–II 5 —
IV 6 —
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In addition, H2O2 controls opposing cellular metabolic processes
such as cell proliferation, when at low concentrations, and cell
death signaling at high concentrations [9]. Normal cell prolifera-
tion correlates with production of endogenous ROS through the
activation of growth-related signaling pathways, including the
mitogen-activated protein kinase ERK1/2 (an extracellularly regu-
lated kinase) [12]. Thus, increased cell proliferation and decreased
apoptosis levels emerge as the major mechanisms responsible for
the development of endometriosis, even though they are asso-
ciated with the important role estrogens play in the growth and
maintenance of the ectopic endometrium [2,13]. 17b-Estradiol
(E2) is essential to cell proliferation, development, growth, and
differentiation of both female and male secondary sex character-
istics. It is well known that estrogen is a major risk factor in the
disease-associated biological changes and clinical manifestations
of endometriosis [14]. Nevertheless, the biochemical mechanisms
underlying the inﬂuence of estrogen in endometriosis remain
unclear. Mounting evidence indicates that estrogens such as E2
have a protective effect on oxidative stress [15,16]. Therefore, the
effect of E2 on the survival of endometrial cells from patients with
endometriosis after oxidative challenge induced by [H2O2]ss was
examined in this study through the assessment of cell viability,
apoptosis, proliferative capability, and cytokine regulation. This
study investigated the interactions between endometrial cells, E2,
and [H2O2]ss with the goal of identifying biochemical strategies
for improving the clinical management of patients with endome-
triosis. We thus hypothesized that endometriosis is a condition
resulting more from the development of a pseudo-tumoral
disease than from an additive process caused by menstrual
regurgitation, which is the traditional theory about the cause of
endometriosis.Materials and methods
Chemicals and biochemicals
All chemical reagents were of analytical grade. Deionized and
ultraﬁltered water from the Milli-Q ultraﬁltration system was
used. The biochemical assays were conducted using commercially
available kits.
Sample collection
The study was carried out in accordance with the Declaration
of Helsinki and approved by the Institutional Ethics Review Board
(CEP0858/10) from the S~ao Paulo Federal University (UNIFESP).
A written informed consent was signed by each patient, who
volunteered to participate, before the study start. Endometrial
specimens were obtained from these volunteers in the Endome-
triosis Unit/Department of Gynecology at UNIFESP. Eutopic endo-
metrium specimens, to be used as controls, were collected from
7 patients without macroscopic endometriosis while undergoing
laparoscopy for other reasons (tubal infertility, nonendometriotic
ovarian cyst, or myoma). Thus, seven primary endometrial control
cell lines were produced from these biopsies. Eutopic endome-
trium biopsies were performed in 11 patients with endometriosis
reportedly suffering from chronic pelvic pain. Demographic and
disease-related data from the patients are summarized in Table 1.
Tissue isolation and cell culture
Primary endometrial cell culture was prepared from biopsies
as described by D’Amora et al. [17] with minor modiﬁcations.
Tissue samples were rinsed, minced into small pieces, and digestedwith collagenase IA (0.05 mg/ml) for 30 min at 37 1C. Cells were
placed onto primary ﬂasks (Becton–Dickinson Labware, Le Pont
de Claix, France) and cultured in Dulbecco’s modiﬁed Eagle’s
medium (DMEM)/F-12 without phenol red and with 10% fetal
bovine serum (FBS), 100 IU/ml penicillin, and 100 mg/ml strepto-
mycin in a humidiﬁed incubator at 37 1C and 5% CO2. After
24 h of incubation, nonadherent cells were washed out and
adherent stromal cells were characterized by immunostaining
with FITC-labeled anti-cytokeratin and Cy3-labeled anti-vimentin
antibodies.
The concentration of FBS in the medium was changed from 10
to 0.5% for 24 h before treatment with E2 and [H2O2]ss when the
endometrial cells reached 70 to 80% conﬂuence.
Biochemical measurement of the total peroxide concentration in
endometrial cells by the ferric–xylenol orange (FOX) assay
The FOX assay is based on the ability of hydroperoxides to react
with an excess of Fe2þ at a low pH when the XO dye is present. The
amount of Fe3þ generated by this reaction is measured as an Fe–XO
complex at 560 nm [18] and is demonstrated in the following
equations:
Fe2þ þ ROOH - Fe3þ þ OH þ ROd, (1)
Fe3þ þ XO - Fe-XO. (2)
The FOX reagent was prepared by dissolving ammonium
ferrous sulfate (9.8 mg) in 250 mM H2SO4 (10 ml) to a ﬁnal con-
centration of 250 mM ferrous iron in acid. This solution was
added to 90 ml of HPLC-grade methanol containing 79.2 mg of
butylated hydroxytoluene (BHT). Finally, 7.6 mg of XO was added
with stirring to make the working reagent (250 mM ammonium
ferrous sulfate, 100 mM XO, 25 mM H2SO4, and 4 nM BHT, in 90%
(v/v) methanol in a ﬁnal volume of 100 ml). The blank reagent did
not contain ferrous sulfate. Nearly conﬂuent endometrial cells in
six-well tissue culture plates were harvested by trypsinization,
washed with cold phosphate-buffered saline (PBS), and centri-
fuged. The cell pellet was mixed with the FOX reagent and
incubated at room temperature for 30 min. The samples were
subsequently centrifuged at 13,000 g for 10 min, cell debris was
removed, and the absorbance of the supernatant was determined
at 560 nm. The total peroxide content of the endometrial cells
was determined as a function of the difference in absorbance
between the testing and the blank samples, using a H2O2 solution
as the standard. This procedure was performed in triplicates using
harvested cells at 0, 1, 3, and 8 h, and after that, the cell pellet was
mixed with the FOX reagent as described above.
Treatment of cells with 17b-estradiol
Endometrial cells (104 per well) seeded to display monolayers
at 70% conﬂuence were cultured in DMEM/F-12 without phenol,
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streptomycin, and treated with 100 nmol/L E2 for 20 h.
Extracellular pH
The extracellular pH was measured in the medium removed
from the cultured cells described previously. Independent tripli-
cate measurements were taken and reported as average7SD
between the replicates. The p values were calculated using the
independent t test and Welch’s correction.
Treatment of cells with 17b-estradiol and measurement of
extracellular pH
Endometrial cells from women with and without endometrio-
sis seeded (104 per well) to display monolayers at 70% conﬂuence
were cultured in phenol-free DMEM/F-12 supplemented with 10%
FBS, 100 IU/ml penicillin, and 100 mg/ml streptomycin and trea-
ted with 100 nmol/L E2 for 20 h. These cultures were incubated in
a humidiﬁed incubator at 37 1C with 5% CO2.
The extracellular pH was measured in the medium removed
from the wells; independent triplicate measurements were
taken and reported as average7SD between the replicates. The
p values were calculated using the independent t test and Welch’s
correction.
Calibration of steady-state concentrations of H2O2: modulation of
in vitro H2O2 production
Endometrial cells from patients with and without endome-
triosis were exposed to dissolved O2 (ambient, i.e., 21% O2 to 1%)
and [H2O2]ss (1–100 mM) in combination for 2 h (30, 60, and
120 min). The [H2O2]ss level was maintained using a two-enzyme
system that employs glucose-1-oxidase (Gox), to consume O2 and
produce H2O2, and catalase (Cat), to consume H2O2 while partially
replenishing O2. This assay is based on the exposure of cells to
[H2O2]ss as described by Antunes and Cadenas [6]. Brieﬂy, Gox
and Cat are added at different concentrations to the culture
medium. The Gox activity and O2 diffusion distances between
the ambient air (21% O2) and the bottom of the well determine
the concentrations of O2 at the bottom of the well available for
the attached cells. The H2O2 concentration at the cell level
depends on the ratio between the Gox and the Cat activities,
which were experimentally determined at 37 1C (kGox ¼ 4.8
102 M/s and kCat ¼ 1200/s). This model was validated by O2 and
H2O2 measurements. The consumption of H2O2 in the endome-
trial cells showed ﬁrst-order decay kinetics with a constant rate
(kcell) of 1.5103/s/million cells [6,19]. The DMEM/F-12 med-
ium alone did not consume signiﬁcant amounts of H2O2. The
effects of hormone treatment were examined after the calibration
of the steady-state system. A [H2O2]ss of 2 h was achieved by the
addition of an initial concentration of H2O2 together with glucose
oxidase at an activity that compensated for the rapid consump-
tion of the initial H2O2 concentration by the cells. However, it was
observed experimentally that the capacity of cells to consume
H2O2 was slightly decreased at high levels of [H2O2]ss and
consequently, the amount of glucose oxidase given had to be
adjusted to achieve the desired steady-state concentration. The
concentration of FBS in the medium was changed from 10 to 0.5%
in the subsequent experiments for the observation of the E2 effect
on the H2O2-induced oxidative stress. The H2O2 level was mea-
sured with an oxygen electrode after the addition of catalase [19].
The glucose oxidase activity was measured following O2 con-
sumption by using the Clark-type oxygen electrode (YSI, Inc.,
Yellow Springs, OH, USA). Consequently, the activities of catalase
and glutathione peroxidase, which are important complexantioxidant enzymes that remove H2O2, were measured to deﬁne
the low-to-moderate steady-state H2O2 dose (see supplementary
material).
Cellular production of ROS
Endometrial cells were plated (104 per well) in triplicate into
96-well plates, incubated for 18 h, treated with 100 nmol/L E2 for
20 h, and exposed to a period of [H2O2]ss. These cells were
subsequently incubated at 37 1C in 5% CO2 for 12 h, washed three
times in PBS, and incubated with 100 ml of 5 mmol/L monochlor-
obimane in PBS per well for the GSH (glutathione) determination.
The cellular levels of O2, H2O2, and GSH were assessed by a
Gemini EM ﬂuorimeter (Molecular Devices, USA). Fluorescence
intensity was recorded hourly for 5 h. The ﬂuorescence excitation/
emission maxima for monochlorobimane were 380/485 nm,
respectively. The levels of GSH were calculated in each sample
as follows: ROS rate (arbitrary units min1104 cells) ¼
(ﬂuorescence intensity (arbitrary units) at T 300 min  ﬂuores-
cence intensity (arbitrary units) at T 0300 min1). The number
of adherent cells was determined by the crystal violet assay [2].
The production and metabolism of GSH were assessed in the cells
extracted from the 18 endometrial biopsies (7 control and 11
endometriosis patients).
Determination of catalase activity
Endometrial cells were seeded (104 per well) in six-well plates
at 80% conﬂuence, treated with 100 nmol/L E2 for 20 h, and
exposed to [H2O2]ss. These cells were subsequently incubated at
37 1C in 5% CO2 for 12 h and washed twice with PBS before the
evaluation of the catalase activity by ultraviolet spectroscopy at
240 nm according to Aebi [20]. The catalase measurements were
compared to the amount of proteins determined by the BCA
protein assay reagent kit in each sample (Pierce, Rockford, IL,
USA). The catalase activity was assessed in the cells extracted
from the 18 endometrial biopsies.
Lactate dehydrogenase assay
The cell viability was measured in the presence of 100 nmol/L
E2 after incubation with [H2O2]ss. These cells were washed once,
resuspended in fresh medium after 12 h incubation with H2O2,
plated (1.5105 cells per well) into 12-well tissue culture plates,
and incubated overnight at 37 1C before evaluation with the
lactate dehydrogenase (LDH) release method. The LDH activity
was measured spectrophotometrically according to a slightly
modiﬁed version of the method described by Rego and Oliveira
[21]. A small volume of medium was collected for the determina-
tion of extracellular LDH; the attached cells were lysed for the
determination of intracellular LDH. The enzyme activity was
assessed at room temperature on a microplate reader (Packard)
by monitoring the rate of conversion of reduced nicotinamide
adenine dinucleotide (0.28 mM NADH) to oxidized nicotinamide
adenine dinucleotide (NADþ) for 3 min at 340 nm. Pyruvate
(0.32 mM in phosphate buffer, pH 7.4) was used as substrate, and
the LDH released into the extracellular medium was expressed
as a percentage of the total LDH activity (extracellular þ
intracellular LDH).
Measurement of cell death
Endometrial cells at approximately 80% conﬂuency (104 per well)
were harvested and assayed at the given times. Annexin V–FITC
staining was conducted on each sample of 1104 cells using the
FITC Annexin V Apoptosis Detection Kit I (BD Biosciences) follow-
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using a FACS CANTO II four-color ﬂow cytometer (BD Biosciences)
and analyzed using the FACS DIVA (BD Biosciences). The samples
were independently assayed in triplicates. Apoptosis was induced
by treatment with 100 nmol/L E2 for 20 h and subsequent incuba-
tion with [H2O2]ss (30, 60, and 120 min). If not stated otherwise,
the incubation period was 60 min and controlled by the addition
of an excess of catalase, at the desired times, to virtually nullify
the H2O2 concentration. These cells were washed once and resus-
pended in fresh medium, and apoptosis was measured at 12 h
after the start of H2O2 incubation. This was achieved by following
the ﬂip-ﬂop movement of phosphatidylserine between the inner
and the outer plasma membrane leaﬂets as described. First, upon
increased exposure to [H2O2]ss, and only after a long exposure
period (30, 60, and 120 min), the cells started to appear in the
early (annexin V positive) and late apoptosis (annexin V and
propidium iodide (PI) positive) states. It is well known that when
there is an increased dosage of H2O2, there is a shift from apoptotic
to necrotic cell death [5,22]. Second, the onset of apoptosis was
studied with respect to time (12 h) after a 60-min incubation with
[H2O2]ss (30 mM) to maintain the concentration of H2O2 at 50 mM.
Cells were incubated for 2 h at a glucose oxidase activity adequate to
maintain a steady state of 30 mM and an excess of catalase to assess
whether the product from the reaction catalyzed by the glucose
oxidase or oxygen consumption in this reaction would affect the
results. The level of cell death in this sample was not signiﬁcantly
different from that in the controls (not shown). The qualitative
features of the titration curves shown in this study were well
reproduced among experiments; however, the amount of cell death
together with the threshold and saturation values of H2O2 that
induced apoptosis showed some variation. The titration curves
shown are representative of at least three experiments.
Fluorogenic caspase substrate
The caspase activity was measured using the ﬂuorogenic
substrate Ac-DEVD-AMC (7-acetyl-Asp-Glu-Val-Asp-amino-4-
methylcoumarin). Nearly conﬂuent endometrial cells growing in
six-well tissue culture plates were treated with 100 nmol/L E2 for
20 h and subsequently incubated with [H2O2]ss as described. Cells
treated with 20 mg/ml staurosporine were used as the positive
control for apoptosis. After treatment, the cells were harvested,
washed with cold PBS, resuspended in 50 ml of cell lysis buffer
(50 mM Hepes, pH 7.4, 100 mM NaCl, 0.1% Chaps, 1 mM dithio-
threitol (DTT), 100 mM EDTA), incubated on ice for 20 min, and
centrifuged at 10,000 g for 10 min at 4 1C. The protein concentra-
tions in the supernatants were measured using a BCA protein
assay reagent kit (Pierce). Equal amounts of protein in 50 ml of
assay buffer (50 mM HEPES, pH 7.4, 100 mM NaCl, 0.1% Chaps,
10 mM DTT, 100 mM EDTA, 10% glycerol) were added per well to a
black 96-well plate; cell lysate supernatants containing equal
amounts of protein in a ﬁnal volume of 50 ml were added per well
to the same plate, followed by 5 ml of 1 mM Ac-DEVD-AMC.
The reaction mixture was incubated for 1 h at 37 1C. The ﬂuores-
cence was measured with a Gemini EM ﬂuorimeter (Molecular
Devices) using 360 nm excitation and 460 nm emission ﬁlters.
Quantiﬁcation of 8-OHdG in endometrial cells
Endometrial cells at approximately 70% conﬂuency (104 per
well) were treated with 100 nmol/L E2 for 20 h and incubated
with [H2O2]ss. After this incubation, the genomic DNA was
extracted as described previously [23]. The DNA pellets were
solubilized in 0.1 mM desferrioxamine before enzymatic diges-
tion. The HPLC-LC/MS samples were injected into an HPLC-MS/MS
(Shimadzu, Kyoto, Japan) by using a C18-DB column to measure8-OHdG (Shimadzu) and the corresponding 18O- and 15N5-labeled
derivatives. In addition to the MS detector, a UV detector set at
260 nm was used to quantify the amount of DNA by using the
20-deoxyguanosine peak area and external calibration [15].
In addition, the amount of contaminating RNA was determined
using the area under the guanosine peak.
Western blot analysis
The protein extraction and Western blot analysis were per-
formed according to standard procedures. Brieﬂy, the total pro-
tein was isolated from the control and experimental cells using an
extraction buffer containing 50 mM Tris–HCl (pH 7.4), 100 mmol/
L NaCl, 50 mM NaF, 1 mM NaVO4, 0.5% NP-40, and a Complete
protease inhibitor cocktail (Roche, Mannheim, Germany). The cell
extracts were clariﬁed by centrifugation at 10,000 g and the
protein concentration was estimated with a BCA protein assay
reagent kit (Pierce). Equal amounts of protein (30 mg) were
separated through 10% SDS–polyacrylamide gel electrophoresis.
After transfer and blocking, the nitrocellulose membrane was
incubated overnight at 4 1C with a 1:1000 dilution of either rabbit
anti-human ERK1/2 IgG anti-phospho-ERK (pERK) at 1:1000 (Cell
Signaling, Beverly, MA, USA) or anti-a-tubulin (Sigma–Aldrich, St.
Louis, MO, USA) at 1:1000 dilution. The detection was carried out
using the SuperSignal West Pico chemiluminescent substrate
(Pierce).
Cytokines
Cytokines were assayed using the Inﬂammation CBA Detection
Kit (BD Biosciences). The protein levels of interleukin (IL)-8, IL-1b,
IL-6, IL-10, tumor necrosis factor (TNF), and IL-12p70 were
quantitatively measured in endometrial cells seeded (104 per
well) into six-well tissue culture plates. These cells were serum-
deprived for 24 h after reaching subconﬂuency, i.e., 50 to 70%
conﬂuence; subsequently treated with E2 for 20 h; and exposed
to 30 mM [H2O2]ss. The medium removed from the wells was
analyzed by FACS DIVA in a FACS CANTO II four-color ﬂow
cytometer and with BD CellQuest using standard curves (BD
Bioscience).
Statistical analysis
The results from the in vitro studies are presented as the
means of independent triplicate experiments. Statistical analysis
was performed using GraphPad Prism 5. Means were compared
by the Student t test and Welch’s correction. In all ﬁgures, the
error bars represent the SEM. A level of po0.05 was accepted as
signiﬁcant.Results and discussion
Endometrial cell culture
Eutopic endometrial biopsies, from 11 patients with endome-
triosis and 7 women without endometriosis, were cultured into
viable primary cell cultures as described in D’Amora et al. [17];
these cells reached 90% conﬂuency within 371 days (mean7
SEM) from the initial isolation (Fig. 1A and B). The characteriza-
tion of the primary cells was performed on the third passage,
which allowed these cells to present a phenotype very similar to
that of the cells in the original tissues from women with and
without endometriosis. The results showed approximately 90%
vimentin-positive cells in all samples as determined by immuno-
ﬂuorescence microscopy (Fig. 1C and D).
Fig. 1. The sample of mesenchymal cells (stromal endothelial) used in all experiments. Cells are shown under contrast-phase microscopy and by indirect
immunoﬂuorescence for vimentin (red), cytokeratin (green), and DAPI (blue, for nuclei). (A) Contrast phase–conﬂuent culture after 2 days. (B) Contrast phase—conﬂuent
culture after 3 days. (C) Immunoﬂuorescence was performed with Cy3–anti-vimentin antibodies. (D) Immunoﬂuorescence-positive control for cytokeratin.
***
**
Control Endometriosis Control Endometriosis Control Endometriosis
***
Fig. 2. Production and detoxiﬁcation pathways of peroxides. (A) Peroxide levels in endometrial cells (104 cells), control and with endometriosis, measured by standard FOX
analysis using XO reagent, ***po0.001. (B) Detoxiﬁcation of hydrogen peroxide. Catalase activity results are expressed as catalase activity U/mg of protein, **po0.01.
(C) Peroxide levels in cell culture medium of endometrial cells, control and with endometriosis, measured by standard FOX analysis, ***po0.01. Each bar represents the
mean7SD.
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The level of oxidants and antioxidant capacity were simulta-
neously measured to assess oxidative stress and determine the
antioxidant capacity and H2O2 levels in the control endometrial
cells and cells from patients with endometriosis. The H2O2
concentration was determined by using the FOX assay with the
XO indicator. The control endometrial cells, not exposed to any
agent, showed no increase in H2O2 levels (Fig. 2A). Conversely, the
endometrial cells obtained from women with endometriosis
(at various stages) showed a signiﬁcant increase in H2O2 at
16 mM, which is close to the levels produced by eukaryotic cells
during an inﬂammatory response. The number of markers for
H2O2 production was 2.4-fold higher in the endometrial cells
from women with endometriosis (at various stages) than in the
controls (po0.001) (Fig. 2A). The oxidative stress index was
comparable between endometrial cells from patients with and
without endometriosis, which is in agreement with results
reported in previous studies [2,24]. The detoxiﬁcation of H2O2
can be achieved through two different enzymatic systems,
namely, GSH peroxidase and Cat. In this study, the Cat activity
was 3-fold lower in the endometrial cells obtained from women
with endometriosis than in the control cells (po0.01; Fig. 2B).
The H2O2 levels produced in the endometrial stromal cells were
similar to the levels observed in tumor cells. Furthermore,
increased H2O2 concentration is associated with decreased cata-
lase activity in tumor cells [25,26], which was also observed in the
endometriotic cells in our study. The total peroxide levels in the
medium used to culture the control endometrial cells and those
with endometriosis were also investigated, measured, and ana-
lyzed as described. The medium from the control endometrial
cells showed no differences in peroxide production indicative of
H2O2, whereas the endometrial cells from patients with endome-
triosis showed increased H2O2 formation at 13 mM (Fig. 2C). We
show that the dysregulation of endogenous ROS in endometrial
cells from patients with endometriosis shares numerous features
with that observed in tumor cells [27].The treatment of endometrial cells with 17b-estradiol alters the
pH in the culture medium
Changes in the extracellular pH are generally not obvious
during standard endometrial cell culture (with and without
endometriosis). However, during the course of these studies, it
was noticed that treatment with E2 altered the pH in the medium
to such a degree that it was visible during a cursory examination
of the endometrial cell cultures. This effect was apparent after
16 h of treatment and more prominent after 20 h. The pH of the
medium in which the control endometrial cells without treat-
ment were grown ranged from 7.1 to 7.4 after 16 h. The treatment
of the endometrial cells from women with endometriosis with E2
prevented acidiﬁcation of the medium, resulting in a pH of 8.01
after 20 h. The addition of control endometrial cells further
increased the pH to 8.16 (Fig. 3). These results suggested that
treatment with E2 increases the pH, thereby preventing acidiﬁca-
tion of the medium that usually occurs during long incubation
periods. Intracellular acidiﬁcation has also been associated with
apoptosis; necrotic cell death is more common at pH 6.5 [28,29].
Although the role of the extracellular pH in hormone treatment-
induced apoptosis is unclear, previous reports indicate that
changes in pH contribute to the induction of apoptosis by various
agents [30,31].Concentration and gradients of H2O2: induction of apoptosis in
endometrial cells by steady-state concentrations of H2O2
Many cells can adapt to oxidative stress by showing increased
resistance to subsequent high doses after exposure to low,
nonlethal doses of a particular ROS [8,32]. This study provides
the ﬁrst report of [H2O2]ss levels in endometrial cells. An
important and primary consideration is that the cell culture
process itself imposes oxidative stress, either by facilitating the
generation of reactive species or by hindering the adaptive upre-
gulation of cellular antioxidants [32,33]. A quantitative approach
Fig. 3. Endometrial cell controls and with endometriosis at various stages have
altered extracellular pH when treated with E2. Approximately 2105 cells were
cultivated and, after 3 days of growth, the medium (in the absence of phenol red)
was removed from each well, and pH was measured using a standard pH meter.
The assay was conducted in triplicate, and the average pH values are reported
(7 standard deviation, with *po0.05).
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Fig. 4. Concentration of H2O2—induction of apoptosis in endometrial cells by
steady-state concentrations of H2O2. (A) As described by Antunes and Cadenas [6],
time courses of H2O2 concentrations are shown, one for a relatively low and the
other for a relatively high [H2O2]ss. The dotted line represents the endometrial
cells obtained from women with endometriosis. The solid line represents endo-
metrial cell controls. Glucose oxidase was added to the cell suspension. H2O2 was
measured in aliquots of the cell suspension at the indicated times as described
under Materials and methods. (B and C) Cell death was measured 12 h after starting
H2O2 incubation in cells incubated for 30, 60, and 120 min. (B) Endometrial cell
control (mM saturation is indicated). The 120 min curve could not be used to deﬁne
the saturation level because the H2O2 concentration did not remain at a steady-state
level. (C) Endometrial cells from patients with endometriosis (mM saturation is
indicated). Intracellular concentrations of H2O2 were estimated from the FOX assay
(see text).
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the control endometrial cells and cells obtained from patients with
endometriosis to [H2O2]ss. This process entailed the simultaneous
addition of H2O2, glucose oxidase, and Cat. Fig. 4A shows the
changes in H2O2 concentration over time and illustrates H2O2 in
the presence of endometrial cells obtained from women with and
without endometriosis. A steady state was maintained for 120 min
in the endometrial cells (control and those with endometriosis) at
low extracellular H2O2 concentrations (10 mM). Comparatively, at
higher H2O2 concentrations (60 mM), only the endometrial cells
obtained from patients with endometriosis (at various stages) were
able to maintain the steady state for 120 min; a continuous
increase in the extracellular concentration of H2O2 followed, which
indicated a decreased capacity of the cells to consume H2O2. The
well-deﬁned saturation level of H2O2 at 30 mMwas associated with
the induction of apoptosis (Fig. 4B). A [H2O2]ss of 5 mM did not
induce signiﬁcant apoptosis (annexin V positive) after 30, 60, or
120 min of incubation. After the completion of these incubations,
these cultures were washed with PBS and their media replaced
with DMEM/F-12 supplemented with 0.5% FBS for 16 h. As
expected, the concentration of H2O2 produced after the incubation
was about 15 mM. This result indicated that increased cell prolif-
eration (Figs. 7A and B) correlates with endogenous production of
ROS. In addition, these results suggested the following: (i) a critical
level of H2O2 is required to induce apoptosis; (ii) endometrial cells
from patients with endometriosis better tolerated H2O2 exposure,
thus indicating that H2O2 is a signaling molecule with a pivotal role
in the induction of proliferation or cell death by apoptosis; and
(iii) long incubation periods with low [H2O2]ss are not sufﬁcient to
trigger apoptosis. This scenario can be considered similar to what is
observed in tumor cells. The saturation level of [H2O2]ss in
endometrial cells from patients with endometriosis was deﬁned
at 30 mM based on the curves obtained from the 60- and 120-min
incubations. The apoptosis levels increased from near control
values to maximum levels (40%) when the [H2O2]ss was in the
range of 20–30 mM (Fig. 4C, 60-min incubation curve). The dura-
tion of incubation with H2O2 is important for the determination of
the H2O2 concentration required to induce apoptosis.
Fig. 5. LDH release test. (A) Cell lysis results in lactate dehydrogenase release into the culture medium, and LDH catalyzes the conversion of NADH to NADþ . Therefore
increased NADH oxidation, which was measured by the change in absorbance at 340 nm, was indicative of increased cell lysis and increased LDH release in endometrial
cells, with and without endometriosis, treated with 30 mM H2O2. LDH assays were conducted in triplicate, and the averages are reported (7 standard deviation, *po0.05).
(B) Percentage of cell viability (*po0.05).
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patients with endometriosis
Cells are exposed to ROS, such as H2O2, during the course of
normal aerobic metabolism or after exposure to diverse biological
and environmental free radical-generating conditions. A previous
study with endometrial stromal cells showed the effects of H2O2
by bolus addition [34]. This technique, in which a single dose of
H2O2 is applied at the beginning of the experiment, represents the
most commonly used method to expose cultured cells to H2O2
and does not result in a constant exogenous H2O2 level during the
course of an experiment. This H2O2 cellular consumption, cata-
lyzed by antioxidant enzymes such as Cat, requires the use of high
initial doses of H2O2 (typically 100 mM to 1 mM), which may
affect the redox homeostasis of cells and cause oxidative stress
and negative responses [8,34]. In contrast, exposing cells to
[H2O2]ss (using a calibrated incubation period and H2O2 concen-
trations), as opposed to bolus additions, constitutes a superior
method of oxidant delivery that mimics the physiological setting
[6,8,35]. E2 is identiﬁed as playing an important role in the
protection against oxidative stress, regulation of longevity signals,
and enhancement of resistance to apoptotic processes [14,16].
Therefore, the antiapoptotic effect of 100 nmol/L E2 for 20 h on
oxidative stress was tested by exposing cultured eutopic endo-
metrial cells from patients with endometriosis to [H2O2]ss.
It has been reported in the literature that E2 induces the
production of the major antioxidant GSH [36]. In this study, whether
treatment with E2 and exposure to [H2O2]ss increase the levels of
GSH was investigated. The results showed that E2 increased the
levels of reduced GSH, compared to the controls, to untreated
endometrial cells with endometriosis, and to endometrial cells with
endometriosis treated with E2 for 20 h and exposed to 30 mM
[H2O2]ss (data not shown). The level of oxidized glutathione in the
control cells was 1.8 nmol/104 cells and was not affected by the E2
treatment (data not shown). These ﬁndings support previously
reported results about the protective effects of estrogens, such as
E2 [37], against oxidative stress [15,16].
Taken together, these results suggested that the oxidative
environment of endometrial cells from women with endometrio-
sis displays high levels of endogenous oxidative stress associated
with an increase in ROS production and a simultaneous decreasein ROS detoxiﬁcation [27,38]. These results also demonstrated
that E2 has an antiapoptotic effect on oxidative stress conditions,
contributing to the progression of the disease.
Effect of 17b-estradiol on cell survival after exposure to [H2O2]ss
Cellular viability was determined through the LDH release test
in the control cells and cells from patients with endometriosis
treated with 100 nmol/L E2 and followed by 30 mM [H2O2]ss
exposure.
The cell viability upon hormone treatment after exposure to
30 mM [H2O2]ss for 120 min was 53% in the controls. Prior
treatment with 100 nmol/L E2 for 20 h prevented H2O2 (30 mM)-
induced cell damage (with endometriosis) by 1.6-fold of the
control level (Figs. 5A and B). The effects of treatment with
100 nmol/L E2 and [H2O2]ss on apoptosis were studied. The
results demonstrated a trend toward decreased apoptosis in the
endometrial cells from patients with endometriosis when they
were exposed to 30 mM H2O2 (Fig. 6A).
It is well known that caspase-3 has a primordial role in
triggering the cascade of events that lead to apoptosis. Cell lysates
from the experimental cultures were tested for functional caspase
activity using the caspase-3- and caspase-7-speciﬁc substrate
Ac-DEVD-AMC; this peptide–coumarin conjugate is nonﬂuores-
cent until coumarin is cleaved from the peptide by an active
caspase, and consequently, increased ﬂuorescence is indicative of
caspase activity. The endometrial cells from patients with endo-
metriosis were effectively protected from cell death after a 20-h
pretreatment with E2 in the 100 mM [H2O2]ss environment
compared to the untreated control cells (Fig. 6B).
Quantiﬁcation of 8-OHdG in the genomic DNA from endometrial cells
Several studies have shown that permanent oxidative damage
occurs in lipids from cellular membranes, proteins, and DNA.
In the nuclear and mitochondrial DNA, 8-OHdG or 8-oxo-7,8-dihy-
dro-20-deoxyguanosine is one of the predominant forms of free
radical-induced oxidative lesions and has, therefore, been widely
used as a biomarker for oxidative stress, aging, and carcinogenesis
[39]. Endometriosis is considered a benign disease; however, it shares
some characteristics with cancer, such as the propensity for invasion,
Fig. 6. Endometrial cells were exposed to steady-state 30 mM H2O2, harvested by trypsinization on the third day, stained with annexin V–FITC and PI, and analyzed using
the FasCanto II ﬂow cytometer. (A) Time-course analysis of annexin V–FITC staining. Flow cytometry results are reported as the percentage of annexin V–FITC-positive
cells, *po0.01. (B) Endometrial cell exposure to steady-state H2O2 (30 mM) induces caspase activation. Approximately 1104 cells were harvested at 3 days and equal
amounts of cell lysates were incubated 1 h with the ﬂuorogenic caspase substrate Ac-DEVD-AMC. Fluorescence was reported in arbitrary relative ﬂuorescence units (RFU)
as an indicator of caspase activation. The staurosporin-treated cells were included as positive controls. Each bar indicates the average of six samples with the indicated
standard deviation. The data shown are representative of three independent experiments, *po0.05.
Fig. 7. (A) Presence of ERK and pERK was determined by Western blot on lysates of
endometrial control cells (lanes 1 and 2) and endometrial cells with endometriosis
(lanes 3 and 4). Endometrial cells were lysed and total protein lysates were immuno-
blotted with anti-pERK or with a-tubulin antibody for normalization. (B) Normalized
values for the expression of pERK are reported in the bar graphs and expressed as
means7SD. The results are the means of three independent cell lines, *po0.05.
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treatment of cells with H2O2 induces the formation of the hydroxyl
radical (OH). These radicals can be produced by various mechan-
isms, speciﬁcally, the Fenton reaction of H2O2 (which diffuses into the
nucleus), metals, and other endogenous/exogenous ROS. The interac-
tion between OH and DNA bases, such as guanine, leads to a
modiﬁcation that results in 8-OHdG. This modiﬁcation was observed
and E2 did not protect against the formation of 8-OHdG in the
endometrial cells from women with endometriosis (see the supple-
mentary material).
Control of the proliferative properties of endometrial cells
Oxidative stress is known to induce ERK activation. The Raf/MEK/
ERK signaling pathway is involved in the proliferative response
induced by endogenous ROS [12,40,41]. The ERK pathway was
investigated through Western blots with proteins from the endo-
metrial cells, untreated or treated with 100 nmol/L E2 for 20 h and
exposed to 30 mM [H2O2]ss. Increased ERK phosphorylation with a
pERK/a-tubulin ratio of 0.45470.226 was observed in the untreated
endometrial cells from women with endometriosis compared to
0.26870.146 in the control cells (p40.05). As expected, the
treatment with E2 and exposure to [H2O2]ss resulted in a continuous
increase in ERK phosphorylation or pERK/a-tubulin of 0.51470.137
in the endometrial cells from women with endometriosis (po0.05)
(Figs. 7A and B). These results suggested that the presence of E2
during [H2O2]ss has a synergistic effect on cell proliferation, thus
corroborating previous studies that link ERK activation with ROS
production in endometriosis [42].
Dual regulation of cytokines by [H2O2]ss in endometrial cells
H2O2 plays a dual role in inﬂammatory processes and is
involved in the upregulation of a set of proinﬂammatory (MCP-
1, IL-8, ICAM-1) and/or anti-inﬂammatory (IL-6) proteins. In
summary, H2O2 upregulates the expression of proteins important
in the spread of inﬂammation (IL-8); however, paradoxically, it
leads to the production of proteins that will lower the inﬂam-
matory response level or contribute to its resolution [11,43].
Therefore, the effect of H2O2 associated with the treatment of
100 nmol/L E2 for 20 h on endometriosis as a chronic inﬂamma-
tion was evaluated. An increase in the levels of IL-8, aproinﬂammatory mediator, was observed in the medium from
cultured untreated endometrial cells from patients with endome-
triosis (Fig. 8). Conversely, the endometrial cells treated with E2
Fig. 8. Regulation of cytokines in endometrial cells with endometriosis. Cells were
treated with E2 for 20 h and then exposed to [H2O2]ss. The culture medium was
recovered for endometrial cell protein secretion measurement by ﬂow cytometer
(endometrial cell protein secretion in pg/ml). Values are the means7SEM of
duplicate determinations in cultures from endometrial cells with endometriosis
(at various stages), *po0.05, ***po0.001.
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mediator associated with acute phase response to inﬂammation and
increased IL-8 levels. The untreated control endometrial cells did not
express detectable amounts of cytokines. Interestingly, these cells
presented a slight increase in IL-8 secretion when treated with E2
and exposed to [H2O2]ss (data not shown). It is important to
emphasize that cytokines such as TNF-a, IL-6, and IL-8 can be
detected at increased levels in the peritoneal ﬂuid of women with
endometriosis [44]. The results from this study suggested that
[H2O2]ss in the presence of E2 could have a ﬁne-tuning role in the
regulation of the expression of these cytokines. E2 regulates both
proinﬂammatory cytokine mediators (such as IL-8) and low-grade
inﬂammatory mediators (such as IL-6); both are important in
spreading and potentiating inﬂammatory responses. The ability to
avoid exacerbated inﬂammatory responses, such as in endometrio-
sis, is essential in managing this disease.Conclusions
The results in this study link the effects of E2 on [H2O2]ss to
several processes involved in the progression of endometriosis
such as apoptosis resistance, increased cell proliferation, and
spatial regulation of H2O2 and E2 signals. These ﬁndings indicate
that endometrial cells from patients with endometriosis show the
dysregulation of endogenous ROS and share numerous features
observed in tumor cells. Our work demonstrates that E2, in
steady-state concentrations of H2O2, has an antiapoptotic effect
in endometrial cells from patients with endometriosis. Conse-
quently, these cells present an altered phenotype of ROS produc-
tion that leads to an increase in the cells proliferative capabilities
and favors the progression of the disease. These results could lead
to new therapeutic strategies for the treatment of endometriosis
targeting the modulation of the signaling pathways of H2O2 and
E2 with antioxidant molecules.
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